Aims To evaluate the cost-effectiveness of rapid hepatitis C virus (HCV) and simultaneous HCV/HIV antibody testing in substance abuse treatment programs. Design We used a decision analytic model to compare the cost-effectiveness of no HCV testing referral or offer, off-site HCV testing referral, on-site rapid HCV testing offer and on-site rapid HCV and HIV testing offer. Base case inputs included 11% undetected chronic HCV, 0.4% undetected HIV, 35% HCV co-infection among HIV-infected, 53% linked to HCV care after testing antibody-positive and 67% linked to HIV care. Disease outcomes were estimated from established computer simulation models of HCV [Hepatitis C Cost-Effectiveness (HEP-CE)] and HIV [Cost-Effectiveness of Preventing AIDS Complications (CEPAC)]. Setting and participants Data on test acceptance and costs were from a national randomized trial of HIV testing strategies conducted at 12 substance abuse treatment programs in the United States. Measurements Lifetime costs (2011 US$) and quality-adjusted life years (QALYs) discounted at 3% annually; incremental cost-effectiveness ratios (ICERs). Findings On-site rapid HCV testing had an ICER of $18 300/QALY compared with no testing, and was more efficient than (dominated) off-site HCV testing referral. On-site rapid HCV and HIV testing had an ICER of $64 500/QALY compared with on-site rapid HCV testing alone. In one-and two-way sensitivity analyses, the ICER of on-site rapid HCV and HIV testing remained <$100 000/ QALY, except when undetected HIV prevalence was <0.1% or when we assumed frequent HIV testing elsewhere. The ICER remained <$100 000/QALY in 91% of probabilistic sensitivity analyses. Conclusions On-site rapid hepatitis C virus and HIV testing in substance abuse treatment programs is cost-effective at a <$100 000/quality-adjusted life year threshold.
INTRODUCTION
There are an estimated 3.2 million individuals in the United States who are chronically infected with hepatitis C virus (HCV), only half of whom have had an HCV antibody test and fewer than a quarter have had a confirmatory HCV RNA test [1] . The US Centers for Disease Control and Prevention (CDC) has set a goal to reduce the proportion of HCV-infected individuals unaware of their status from 55 to 33% [2] . In 2013, the US Preventive Services Task Force (USPSTF) changed its HCV screening recommendation to include screening for all individuals born between 1945 and 1965, in addition to individuals with identified risk factors previously recommended for screening [3, 4] . Current or former injection drug use is the most important identified risk factor for HCV infection in the United States [5] .
Learning one's HCV antibody status is an extremely important first step in the HCV treatment cascade. Subsequent steps include confirmatory testing, receiving the confirmatory test results, further medical evaluation (e.g. HCV genotype and HIV tests) and initiating treatment. Testing substance abuse treatment program clients for HCV represents an important opportunity to identify and cure chronically infected individuals [6] in order to fully realize the potential of new, highly effective and welltolerated HCV therapies [7] . However, in a survey of community-based substance abuse treatment programs participating in the National Drug Abuse Treatment Clinical Trials Network (CTN) only 28% of programs offered HCV antibody testing on-site or through referral to other testing sites, and in a survey of out-patient substance abuse treatment programs only 29% of clients had received HIV testing on-or off-site [8, 9] . A more recent survey found a significant reduction in the proportion of opioid treatment programs conducting HIV testing between 2005 and 2011 and a significantly higher likelihood of testing in publicly owned programs [10] , suggesting that lack of reimbursement may be playing an increasing role in decisions about whether to offer testing in private for-profit and non-profit programs.
In 2009, the CTN conducted a randomized trial that evaluated the feasibility, efficacy and cost-effectiveness of on-site rapid HIV testing in 12 community-based substance abuse treatment programs [11, 12] . Compared to off-site referral, on-site rapid testing was found to be more effective in delivering HIV test results and had a costeffectiveness ratio of $60 300/QALY. In 2011, a rapid point-of-care HCV antibody test was approved for marketing in the United States, presenting the opportunity to conduct on-site rapid HCV testing in community-based substance abuse treatment programs [13] . Our objectives were to estimate the cost-effectiveness of rapid HCV testing in substance abuse treatment programs and to examine the cost-effectiveness of conducting rapid HIV testing in substance abuse treatment programs if HCV testing is already being conducted.
METHODS

Analytic overview
We used a decision analytic model to evaluate the costeffectiveness of four strategies for HCV and simultaneous HCV and HIV testing in substance abuse treatment centers for clients who do not report being HCV-or HIVinfected: (i) no HCV test referral or offer (no intervention); (ii) referral to an off-site HCV antibody test; (iii) offer of an on-site rapid HCV antibody test; and (iv) offer of on-site rapid HCV and HIV antibody tests. For the HCV and HIV testing strategy, we assumed that both tests would be offered together and that clients would accept either both tests or neither test [14, 15] . HIV test offers were assumed to take place without brief risk-reduction counseling because trial results have shown that brief counseling adds cost without improving efficacy [11, 12, 16] . All clients receiving reactive results were assumed to receive counseling and referral for confirmatory testing [17] . Clients who reported being HIV-infected were excluded because HCV testing for these individuals should be conducted as part of their HIV care [18] , but clients unaware of being HIV-infected were included. We assumed that HCV/HIV co-infected individuals would be identified as HIV-infected in follow-up HCV care even in the absence of an initial HIV test, based on standard clinical practice for HCV treatment evaluation [19] .
Model inputs for undetected HCV antibody prevalence, proportion of HCV-antibody positive with chronic HCV, HCV/HIV co-infection prevalence and the cascade of care (HCV and HIV test acceptance, receipt of test results and linkage to care inputs) were from the literature (Table 1) [20] [21] [22] [23] . The cohort characteristics, test acceptance and receipt of test results and undetected HIV prevalence were from the CTN randomized trial of rapid HIV testing in substance abuse treatment programs [11] . Disease outcomes were estimated from established computer simulation models of HCV (Hepatitis C CostEffectiveness model: HEP-CE) [24, 25] and HIV (CostEffectiveness of Preventing AIDS Complications model: CEPAC) [12, 26] .
Outcomes included lifetime costs (2011 US$) and quality-adjusted life years (QALYs), both discounted at 3% annually [27] , and incremental cost-effectiveness ratios (ICERs). Costs were estimated from the health system perspective, including costs to substance abuse treatment programs (which may or may not be reimbursed) and downstream costs for HCV and HIV healthcare. ICERs were calculated as the additional cost per QALY gained compared to the next least expensive strategy after eliminating strategies due to dominance (when one strategy is more effective and costs less) or extended dominance (when a combination of alternative strategies is a more efficient use of resources than the dominated strategy) [28, 29] . We assumed a societal willingness-to-pay of $100 000/QALY, a commonly used threshold in the United States, although some have argued for an even higher threshold [30, 31] .
Decision analytic model
For each strategy, the decision analytic model describes test offer, test acceptance and linkage to care and We used the CEPAC model to estimate CD4 counts at the time of the testing intervention for HIV-infected individuals tested previously for HIV and never tested for HIV based on data from the Multicenter AIDS Cohort Study (MACS) on CD4 count progression from the time of infection in the absence of treatment [113] .
c Depending on HIV RNA levels. d Cost in first month is higher ($750).
e Based on the Average Wholesale Price [97] less 23% discount [114] , assuming a standard dosage while on treatment except for sofosbuvir, which is valued at the wholesale acquisition price [97] , consistent with reported estimates [115] (Supporting information, Table S3 ).
f In sensitivity analyses the proportion of the population with low versus high adherence was varied such that average HIV RNA suppression at 6 months on first-line ART was 75% and 90%.
g For HCV-uninfected and HIV-uninfected individuals, background medical costs are from the Medical Expenditure Panel Survey for the general population [100] and are stratified by age and sex. For HCV-infected and HIV-uninfected individuals, additional HCV-related costs are added to the costs for the general population. These HCV-related costs are applied both before and after diagnosis and are stratified by HCV disease stage (mild, moderate or severe fibrosis) [101] . For HCV-uninfected and HIV-infected individuals, background medical costs are from the CEPAC model and vary by HIV disease stage. For HCV-infected and HIV-infected individuals, a multiplier of 1.7 is applied to costs from the CEPAC model representing the additional cost among HIV-infected individuals of being HCV-infected [101] . Weighted average of 5.79 for males with injection drug use history,3.57 h for heterosexual males without injection drug use history, 0.71 for men who have sex with men, 9.2 for females with injection drug use history and 3.57 for females without injection drug use history.
i This utility weight was multiplied by an individual's health state utility during the month(s) that a patient was receiving HCV therapy without major toxicity.
calculates costs and quality of life outcomes that depend on disease status and disease status awareness. We define being aware of chronic HCV or HIV infection as having received a confirmatory test result after linking to care (Fig. 1) . HCV and HIV test sensitivity and specificity are included in the model (Supporting information, Table S1 ). We assume that individuals who receive false positive reactive results (or true positive HCV reactive results but do not have chronic HCV infection) experience a short-term negative quality of life impact [32] [33] [34] . The on-site rapid HCV testing and simultaneous rapid HCV and HIV processes and costs are based on the on-site rapid HIV testing conducted without risk behavior counseling in the trial [12] . Off-site HCV testing referrals are assumed to be made to a clinical setting where a nonrapid HCV antibody test would be conducted [17] . The decision analytic model was programmed in TreeAge Pro version 2013 (Williamstown, MA, USA). 
HEP-CE model
Lifetime costs and QALYs for simulated individuals who are and are not aware of their disease status were estimated using the HEP-CE Monte Carlo simulation model [24, 25] . We estimated outcomes separately for seven categories of individuals: HCV-and HIV-uninfected; HCV-infected and HIV-uninfected (aware and unaware); HCV-uninfected and HIV-infected (aware and unaware); and HCV/HIV co-infected (aware and unaware). The proportion of individuals in each category varies by testing strategy, as determined by the decision analytic model (Supporting information, Table S2 ). The HEP-CE model simulates chronic HCV disease progression through three stages of liver disease: mild to moderate fibrosis, cirrhosis and decompensated cirrhosis. Each disease stage is associated with a decrease in quality of life and an increase in healthcare costs (Table 1) . If simulated individuals with chronic HCV become cirrhotic they have an increased risk of mortality attributable to their liver disease [35, 36] .
Simulated individuals with chronic HCV who are linked to HCV care and receive confirmatory test results have a probability of initiating HCV treatment, and if they achieve sustained viral response (SVR) their healthcare costs, quality of life and risk of mortality revert to those of HCV-uninfected individuals [37] [38] [39] [40] . Consistent with treatment guidelines at the time of the analysis, individuals with HCV genotype 1 were treated with pegylated interferon (PEG), ribavirin (RBV) and telaprevir (TPV), while those with genotypes 2 or 3 were treated with PEG/RBV [19, 41] (Supporting information, Table S3 ). Duration and efficacy of treatment depended on genotype, presence of cirrhosis and HIV co-infection status. In an alternative analysis consistent with current treatment guidelines [42] , individuals with HCV genotype 1 were treated with sofosbuvir (SOF), PEG and RBV for 12 weeks, those with genotype 2 were treated with SOF and RBV for 12 weeks and those with genotype 3 were treated with SOF and RBV for 24 weeks. Finally, we considered a hypothetical 12-week interferon-free treatment for all patients (Table 1) .
Simulated individuals who refuse testing, who accept testing but do not receive results or who accept testing and are found to be HCV-uninfected have a probability of being tested for HCV elsewhere. Simulated individuals who become aware of their chronic HCV infection but do not initiate HCV treatment have a probability of returning to HCV care. Those without chronic HCV infection at baseline or who achieve SVR after treatment have a probability of HCV infection or re-infection. All simulated individuals in the model have an elevated mortality risk compared to the general population, reflecting their overall risk profile, with a higher risk assigned to individuals with a history of injection drug use [43, 44] .
Simulated individuals who are HIV-or HCV/HIVinfected have HIV-attributable mortality, HIV-related health-care costs and quality of life weights assigned annually. We used the CEPAC model to estimate these HEP-CE model inputs for individuals who are unaware and aware of their HIV infection. The CEPAC model simulates HIV disease progression and treatment effects on immune status (CD4 count) and circulating viral burden (HIV RNA), depending on use of antiretroviral therapy, treatment adherence and retention in care (Table 1) . For HCV/HIV co-infected individuals, HIV-related costs were added to HCV-related costs, and quality of life estimates were calculated using a multiplicative assumption.
Simulated cohort base case inputs
We derived cohort age and sex characteristics from those substance abuse treatment program clients screened for participation in the CTN HIV testing trial who would be eligible for HCV testing (i.e. excluding individuals who indicated that they knew that they were HCV-and/or HIV-infected) ( Table 1 ). There were 1954 individuals in this population, of whom 61% were white, 29% black and 10% Hispanic. One-third of individuals reported a lifetime history of injection drug use.
Because the CTN trial did not conduct HCV testing, we estimated a base case prevalence of undetected chronic HCV of 11% [20] and varied this widely in sensitivity analyses [19, 45] . Although higher HCV prevalence has been reported in methadone treatment programs [46, 47] , 11% prevalence may be more representative of substance abuse treatment programs employing diverse treatment modalities nationally [48, 49] . HCV test acceptance and receipt of results inputs were derived from offsite referral and on-site rapid HIV testing offer results for the 1032 trial participants who would be eligible for HCV testing (i.e. excluding individuals who reported that they knew that they had been diagnosed with HCV). For treatment with interferon-containing regimens, we assumed that 53% of individuals with chronic HCV infection would be linked to care after testing antibody-positive and 27% of those linked would initiate treatment [21, 50] . For treatment with interferon-free regimens we conservatively assumed that the same percentage would be linked to care, but increased the treatment initiation rate to 50%. Because information on multiple HCV tests was not available from trial participants, the probability of being HCV tested elsewhere was based on twice the median time since the most recent HCV test reported by HCVuninfected trial participants.
In the CTN trial, 0.4% of individuals with previously unknown HIV status were detected as HIV-infected; we used this as our base case model input and varied it widely in sensitivity analyses, along with the proportion of these individuals who were HIV/HCV co-infected (35% in the base case [22] ). In the base case, 67% of individuals with a reactive HIV test (whether or not HCV co-infected) were linked to care [23] , and approximately 85% of these individuals were eligible for immediate initiation of antiretroviral therapy (ART) at a threshold for ART initiation of <500 CD4 cells/μl [18] . The probability of being HIV tested elsewhere was based on the median time between HIV tests reported by the trial participants who would be eligible for HCV testing and who reported having previously received two HIV tests.
Sensitivity analyses
In one-way sensitivity analyses we varied the following parameters: age, sex, elevated mortality risk compared to the general population, chronic HCV disease progression rate, liver-related mortality rate, untreated HIV disease progression rate, probability of being tested for HCV or HIV elsewhere, cascade of care inputs (test acceptance, receipt of test results and linkage to care), HCV re-infection rate, HCV and HIV treatment efficacies and costs, ART initiation criteria, non-HCV/HIV background medical costs and quality of life. In two-way sensitivity analyses evaluating the on-site HCV testing offer alone strategy, we varied HCV prevalence and linkage to care inputs. In two-way sensitivity analyses evaluating the on-site simultaneous HCV and HIV testing offer strategy, we varied HIV prevalence and the proportion of HIV-infected who are HCV-co-infected. We also simultaneously varied the efficacy and cost of interferon-free treatment. In probabilistic sensitivity analyses, we varied all decision analytic model inputs simultaneously across relevant ranges (Table 1) , using gamma distributions for cost and quality of life inputs, beta distributions for probability inputs derived from the CTN trial data and uniform distributions for other inputs derived from the literature [51] .
RESULTS
Base case
The referral for off-site HCV testing strategy resulted in a mean per person discounted lifetime cost of $109 020 and quality-adjusted life expectancy of 16.546 QALYs, corresponding to an incremental $120 cost and 0.004 QALYs compared to no intervention ( Table 2 ). The incremental cost includes the costs of making the referral ($3), HCV = hepatitis C virus; HIV = human immunodeficiency virus; QALY = quality-adjusted life year; SOF = sofosbuvir. All costs are in 2011 US$. All costs and QALYs are lifetime and discounted at an annual rate of 3%. Cost-effectiveness ratios may not match previous columns due to rounding. a Costeffectiveness ratio of offer of off-site non-rapid HCV test compared to no intervention is $27 900 per QALY and cost-effectiveness ratio of on-site rapid HCV test compared to offer of off-site non-rapid HCV test is $15 800 per QALY; offer of off-site non-rapid HCV test is dominated (extended dominance) [28, 29] .
b Compared to no intervention, the incremental cost per person is $390 and the incremental QALY per person is 0.021, resulting in a cost-effectiveness ratio of $18 300/QALY.
c Cost-effectiveness ratio of offer of off-site non-rapid HCV test compared to no intervention is $28 200 per QALY and cost-effectiveness ratio of on-site rapid HCV test compared to offer of off-site non-rapid HCV test is $20 500 per QALY; offer of off-site non-rapid HCV test is dominated (extended dominance) [28, 29] .
d Compared to no intervention, the incremental cost per person is $740 and the incremental QALY per person is 0.033, resulting in a cost-effectiveness ratio of $22 000/QALY.
e Cost-effectiveness ratio of offer of off-site non-rapid HCV test compared to no intervention is $31 400 per QALY and cost-effectiveness ratio of on-site rapid HCV test compared to offer of off-site non-rapid HCV test is $26 000 per QALY; offer of off-site non-rapid HCV test is dominated (extended dominance) [28, 29] .
f Compared to no intervention, the incremental cost per person is $1260 and the incremental QALY per person is 0.046, resulting in a cost-effectiveness ratio of $27 100/QALY. initial and confirmatory testing for those who accept the referral ($47) and subsequent HCV care costs for those engaged successfully in care ($70). The low incremental cost and quality-adjusted life expectancy reflect the small proportion of individuals who are HCV-infected, accept the referral, link to care, initiate treatment and achieve SVR. An offer of on-site rapid HCV testing had an incremental cost of $390 (including $37 incurred by the substance abuse treatment program) and yielded approximately fivefold higher incremental QALYs (0.021) compared to no intervention. This strategy resulted in greater quality-adjusted life expectancy than off-site referral at a lower cost, indicating that the off-site referral strategy was dominated because any resources directed towards off-site referral would be employed more efficiently offering on-site rapid testing. The ICER of on-site rapid testing compared to no intervention was $18 300/ QALY (Table 2) . On-site rapid HCV and HIV testing had an ICER of $64 500/QALY compared to on-site rapid HCV testing alone. Overall cost-effectiveness conclusions about screening did not depend on the treatment regimen used. When we considered HCV treatment with PEG/ RBV/SOF (genotype 1) or SOF/RBV (genotypes 2/3), for example, on-site rapid testing continued to dominate offsite referral. The ICER for on-site rapid testing compared to no intervention was $22 000/QALY, and the ICER for on-site rapid HCV and HIV testing compared to on-site rapid HCV testing alone was $64 000/QALY. When we assumed a future, interferon-free regimen for all genotypes, results were similar (Table 2) .
Sensitivity analyses
Offer of on-site rapid HCV testing dominated off-site referral in all one-and two-way sensitivity analyses using plausible ranges for off-site referral acceptance and receipt of results derived from the CTN trial. In one-way sensitivity analyses, the ICER for on-site rapid testing compared to no intervention varied between $8200/ QALY and $37 800/QALY (Supporting information, Table S4 ). In two-way sensitivity analyses, when we assumed undetected chronic HCV prevalence was the same as the US national average of 0.5% (versus 11% in the base case), the ICER for on-site rapid testing compared to no intervention remained below $100 000/QALY as long as at least 20% of those identified through rapid HCV testing were linked to care (Fig. 2) . The ICER was $39 800/QALY when we assumed the lowest efficacy and highest cost for SOF-based regimens. In one-way sensitivity analyses, the ICER for an offer of on-site rapid HCV and HIV testing compared to on-site rapid HCV testing alone remained <$100 000/QALY, except when undetected HIV prevalence was <0.1% or we assumed frequent HIV testing elsewhere (more than fourfold increase from base case; Supporting information, Table S4 ). In two-way sensitivity analyses, if 80% of HIV-infected individuals in this population were HCV co-infected (versus 35% in the base case), the ICER for an offer of on-site rapid HCV and HIV testing compared to on-site rapid HCV testing alone varied from $63 400/ QALY with 1.0% undetected HIV prevalence to $148 300/QALY with undetected HIV prevalence of 0.1% (Fig. 3) . The ICER was $63 300/QALY when we assumed the lowest treatment efficacy and highest cost for SOF-based treatment.
At a willingness-to-pay threshold of $100 000/QALY, an offer of on-site rapid HCV and HIV testing was the preferred strategy in 91% of probabilistic sensitivity analyses and an offer of on-site rapid HCV testing alone was preferred in 9% of these analyses (Fig. 4) . At a willingness-to-pay threshold of $50 000/QALY, offer of on-site rapid HCV testing alone was preferred in >99% of these analyses. Results were similar with SOF-based treatment and hypothetical interferon-free regimens.
DISCUSSION
Using a decision analytic model, in conjunction with published models of HCV and HIV disease, we found that on-site rapid HCV testing in substance abuse treatment programs has a cost-effectiveness ratio <$20 000/ QALY, even with imperfect linkage to care and treatment regimens containing interferon, and <$30 000/QALY with more effective and more expensive regimens. These ratios compare favorably to recent modeling studies that have examined the cost-effectiveness of birth cohort and general population HCV screening in the United States and have reported cost-effectiveness ratios of $28 600/QALY-$65 700/QALY in 2010 US$ [52] [53] [54] . Combined on-site rapid HCV and HIV testing has an ICER <$100 000/QALY, generally considered good value for money in the United States, under reasonable assumptions about undetected HIV and HIV/ HCV prevalence and HIV testing elsewhere in this population. Our results were consistent in sensitivity analyses when we varied model inputs both individually and in combination. These results show the value of conducting HCV testing for all age groups in substance treatment programs, where there is a high prevalence of undetected chronic HCV and low levels of awareness of HCV status.
Our findings are subject to several limitations. Model inputs for acceptance of on-site rapid testing and off-site testing referral and for subsequent receipt of results in each scenario are from a randomized trial of HIV testing that did not include HCV testing options. Based on this trial, we assumed >80% acceptance of an offer of on-site HCV rapid testing or an offer of both HCV and HIV rapid testing. In contrast, we assumed that only about half of individuals identified as HCV antibody-positive are linked to care, about one-quarter of those linked to care initiate interferon-based HCV treatment and about half initiate interferon-free HCV treatment. Taken together, these assumptions are conservative with regard to the value of on-site HCV testing, because we assume that most individuals are tested but fewer than one-quarter with chronic HCV initiate treatment and achieve SVR. The rapid pace of new drug development for HCV will yield several new, more effective and less toxic treatment options and their cost is not fully known. Nevertheless, our results indicate that even if new treatments have significantly higher costs and treatment initiation rates improve modestly, HCV testing in substance abuse treatment programs will still be an attractive public health investment.
We also assumed that approximately two-thirds of newly-identified HIV-infected individuals would link to care, and most of those linked would initiate ART despite having relatively high CD4 cell counts. However, in the CEPAC model we accounted for heterogeneity in adherence to ART and retention in HIV care, and we varied the level of adherence in sensitivity analyses. Our analysis also did not incorporate potential future benefits of reduced secondary HCV and HIV transmission from HCV and HIV treatment, which could result in more attractive cost-effectiveness ratios for on-site rapid testing [55, 56] .
Despite the value of HCV and HIV testing of substance users, there are important implementation challenges along the HCV cascade of care. Implementing on-site testing in substance abuse treatment programs has some start-up costs and requires personnel who are able to provide supervision and training [57] . These requirements may be particularly challenging, however, because of the limited organizational and administrative infrastructures and high employee turnover that characterize many Figure 4 Cost-effectiveness acceptability curve for on-site testing strategies compared to no intervention programs [58] . Although the Affordable Care Act requires both tests to be covered by health insurers based on USPSTF recommendations [4, 59] , some substance abuse treatment programs lack the capacity to bill insurers for these services. Care coordination interventions may need to be established to link HCV-infected individuals to HCV providers [60] , and these providers must be willing to treat these patients and accept their insurance coverage [61] .
Based on the available evidence, we conclude that on-site rapid HCV and HIV testing in substance abuse treatment programs represents good value as a public health investment. Policymakers should identify ways to improve the capacity of substance abuse treatment programs to implement on-site rapid HCV and HIV testing, bill for these services and ensure that individuals testing positive for either virus receive further evaluation and treatment.
Clinical trial registration
ClinicalTrials.gov Identifier for the trial upon which these data were obtained: NCT00809445.
Declaration of interests
None.
Supporting information
Additional Supporting information may be found in the online version of this article at the publisher's web-site: 
